Springback affects the dimensional accuracy and final shape of stamped parts. Accurate prediction of springback is necessary to design dies that produce the desired part geometry and tolerances. Springback occurs after stamping and ejection of the part because the state of the stresses and strains in the deformed material has changed. To accurately predict springback through finite element analysis, the material model should be well defined for accurate simulation and prediction of stresses and strains state after unloading. Despite the development of several advanced material models that comprehensively describe the Bauschinger effect, transient behavior, permanent softening of the blank material, and unloading elastic modulus degradation, the prediction of springback is still not satisfactory for production parts. Dies are often recut several times, after the first tryouts, to compensate for springback and achieve the required part geometry.
Introduction
One of the major challenges of using AHSS and aluminum alloys in the automotive industry is their high tendency to springback. Springback is the result of heterogeneous redistribution of stresses in sheet thickness. Higher strength of AHSS compared to conventional steel results in higher bending moments and stress values during the cold forming process, leading to more elastic recovery and higher springback. On the other hand, in aluminum alloys, the lower elastic modulus compared to steels causes higher springback. Stamping tools must be designed to compensate for springback and provide the part geometry within the required tolerances after the part is ejected from the tooling. Figure 1 . Schematic of typical engineering stress-strain graph for three materials. Springback is greater in materials with higher strength or lower E-modulus. Note this graph is schematic and the actual elastic recovery of material may not be linear.
The usual practice is to simulate the forming operation using a Finite Element (FE) technique, then using the simulation result modify the initial die design for springback compensation. The die is then manufactured and the final modification of the tool geometry is performed through successive trials. These additional trials lead to an enormous increase in development cost and time. For this reason, accurate springback prediction through FE simulation is necessary.
A review of FE technique and constitutive modeling for springback prediction can be found in Wagoner et al. (2013) . Accurate prediction of the stress and strain magnitudes and distributions is necessary for accurate springback prediction. Therefore, material models play an important role in simulating sheet metal stamping and springback. Regarding the material model, parameters which significantly affect the springback predictions are: 1) Flow stress data, which relates the stress state of each element in the formed part to its strain value 2) E-modulus, which determines the proportion of elastic and plastic deformation and amount of elastic recovery 3) Work hardening rule, which controls complex behaviors of material such as Bauschinger effect, transient behavior, work hardening stagnation, and permanent softening
In a complex forming operation, the sheet material experiences reverse loading condition. Some materials such as AHSS exhibit behaviors such as Bauschinger effect, transient behavior, work hardening stagnation, and permanent softening when they are formed under reverse loading condition. Therefore, the conventional isotropic hardening model may not accurately predict such phenomena.
Several studies have been conducted to develop advanced material models which can predict actual material behavior under reverse loading condition. Models with combined isotropic and kinematic hardening have been generally recommended. The overall idea is that the isotropic hardening is associated with density of dislocations and the kinematic hardening is associated with strain incompatibilities from one grain to another. Chaboche et.al., (1979) developed a combined kinematic and isotropic hardening material model that allows to describe the strain history effect in 306 stainless steel during cyclic reverse loading [Chaboche et.al., 1979] . Yoshida et.al. (2001) used a nonlinear kinematic hardening model along with an isotropic hardening model, named as Y-U model, to capture the permanent softening and work hardening stagnation behavior of sheet material during a cyclic tension-compression test. Komgrit et.al., (2016) applied the Y-U model in simulation of U-bending operation of 980 Y material and concluded springback prediction is improved with Y-U model compared to the case of using conventional isotropic hardening model. Ogawa et al., (2010) also used the Y-U model to simulate the effect of bottoming process in springback reduction during the V-bending of TS590MPa. They also concluded that the Y-U model improves the springback prediction compared to the classical model of the isotropic hardening.
As an alternative to kinematic hardening model, Barlat et al. (2011) developed a new material model, called Homogeneous yield function-based Anisotropic Hardening (HAH), which creates smooth change of yield surface shape during loading. In the HAH model, a fluctuating term in the yield function is responsible for the change in the shape of the yield surface. Barlat et al., (2011) and demonstrated the capability of the HAH model to capture the material behavior in reverse loading conditions. They showed that the stress-strain curves calculated using the HAH model reproduce the measured stress-strain data and all the characteristics observed in the reverse loading.
Although the advanced material models show potential to improve simulation accuracy in predicting the hardening behavior of material in reverse loading condition, determining the coefficients required for these models is challenging and requires special tooling. These coefficients should be obtained by a test that provides reverse loading condition. Uniaxial tension-compression test of a sheet material is the conventional method for determination of the required coefficients for most advanced material models. However, there are some factors which may affect the applicability of the tension-compression test such as:
1) During the compression the sheet material buckles and therefore a special fixture is required to avoid buckling 2) In a bending operation, sheet material is under simultaneous tension and compression and therefore, the material behavior may vary compared to the case of pure tension or pure compression 3) In the tension compression test, the material is in a linear uniaxial loading state while the strain state in a production part can be highly nonlinear
In addition to these factors, batch to batch variation of material properties in AHSSs, mean that test results for one batch may not be necessary valid for other batches. Because of these complications, it is preferable to use the simplest work hardening model with reasonable accuracy. Beside the difficulties for obtaining the material model coefficients, determining the E-modulus, which also affects springback prediction, is challenging.
In this study, the effect of the E-modulus on springback is investigated and challenges in determining the E-modulus using conventional methods are discussed. Also, a practical method, called as "inverse analysis method", is introduced which may improve simulation results and reduce the expense of the die re-cutting process. The inverse analysis method is applied to three different bending operations. The resulting springback predictions are compared with other conventional methods.
Effect of E-modulus on springback prediction
In FE analysis, the E-modulus determines the amount of the elastic strain in each strain increment. Therefore, an accurate E-modulus is necessary for accurate springback prediction [Morestin and Boivin, 1996] . Figure 2 shows the results of a loading-unloading tensile test, one of the conventional methods for determining the elastic unloading modulus. Conventional methods have the following challenges determining the elastic unloading modulus:
1) The elastic unloading behavior of material is nonlinear 2) The average elastic unloading modulus is a function of plastic strain (not constant)
3) The elastic unloading modulus is strain path dependent Figure 2 .
[a] Example of a loading-unloading tensile test result for determining E-modulus variation with plastic strain.
[b] Expanded view of the last unloaded cycle indicating the nonlinear elastic unloading behavior of the material. 25 % and 50 % are the calculated E-modulus using the line which connects the point of maximum stress before unloading and the point of 25% and 50 % of that maximum stress value.
[c] E-modulus variation with plastic strain; Test results from [Xue et al., 2016] .
Nonlinear elastic unloading behavior
Experimental observations show that dislocation, pile-up and relaxation cause nonlinear unloading behavior in metals [Sun and Wagoner, 2011; Perez et al., 2005; Xue et al., 2016] . Nonlinearity of the unloading behavior makes determining the elastic unloading modulus not be accurate. Figure 2b shows an example of nonlinear loading and unloading elastic behavior of DP780 steel. One can see that determining the E-modulus is not straight forward since the value of the E-modulus depends on the stress points along the unloading curve. The 25 % and 50 % are the calculated E-moduli using the lines which connect the point of maximum stress before start of unloading and the points of 25% and 50 % of that maximum stress. Several approaches have been suggested to describe the elastic unloading behavior of the material using the tensile test. Most of the practical approaches propose an average Emodulus obtained using a chord line that connects two points obtained from the start of unloading and the end of unloading [Yoshida et al., 2002] . Sun and Wagoner, (2011) have introduced a new strain component named Quasi-Plastic-Elastic (QPE) strain in addition to the elastic and plastic strains to describe the nonlinearity of elastic unloading. They implemented the QPE to a multi surface yield function approach (combined kinematic and isotropic hardening) for DP980 material and observed improvement in springback prediction using the new model compared to the simulations with standard model or with variable E-modulus.
Variation of elastic unloading modulus with plastic strain
In addition to the nonlinearity of the unloading elastic modulus, the average unloading modulus decreases with increasing the plastic strain [Xue et al., 2016; Kim et al., 2013] . As shown in Figure 2c , the reduction of the unloading elastic modulus with plastic strain can be determined through the loadingunloading tensile test using the chord line. For many types of steel, the unloading elastic modulus decreases rapidly with increasing the plastic strain, though this effect tends to saturate at a strain of about 0.2 . As an example shown in Figure 2c , when unloading at about 0.09 plastic strain, the unloading elastic modulus of the DP780 material is about 157 GPa. This is about 25% less than the atomic-bond-stretching value (207 GPa) which could potentially produce more springback compared to using the standard E-modulus of 207 GPa.
Although the constitutive model with the QPE strain component shows some potential to describe more accurately the elastic behavior of the material, for practical modeling, it is easier to define the elastic portion of the deformation using a constant E-modulus. Yoshida et al. (2002) suggested to use an average E-modulus, , using achord line during the unloading process. They introduced the following equation to express the variation of E-modulus with plastic strain:
Where 0 and are the E-modulus for virgin and approximately large pre-strained materials, respectively, and is a material constant.
2.3.
Strain path dependency of elastic unloading modulus Xue et.al. (2016) investigated the effect of the loading path on elastic unloading behavior of dual-phase steels. They used three test methods: uniaxial loading-unloading test, biaxial loading-unloading test, and three-point bending test. They concluded that the initial and the degradation of the elastic modulus depend on the loading strategy. Therefore, an E-modulus determined with the tensile test may not be sufficient for accurate springback prediction when the strain state at the part is not uniaxial.
Inverse analysis method for determination of an apparent E-modulus
Considering the important role of the E-modulus on springback prediction and the challenges reviewed in previous section regarding the determination of the E-modulus through the tensile test, it is desirable to develop a simple practical method for obtaining a value of the E-modulus which can provide more accurate springback prediction. In the current study, inverse analysis method, Figure 3 , is introduced for determining an average apparent E-modulus for a given material, thickness, and a bending operation. This E-modulus can provide reliable springback prediction. The assumption is that a constant apparent value of the E-modulus over the entire part can provide accurate springback prediction. This apparent Emodulus represents the average of the actual values of the E-moduli at different locations in the part. To investigate the possibility of improving the springback prediction using the inverse analysis method, the method is applied to three forming / bending operations listed in Table 1 . First it is tested in wipe bending which is a simple plane strain bending operation without reverse loading. Then the accuracy of springback prediction is investigated in U-drawing process which the material is bent while it is under stretch force. Finally, it is studied whether a constant value of E-modulus can predict springback in crash forming of a real production part.
The wipe bending test was conducted at the Center for Precision Forming (CPF) in the Ohio State University. The experimental details of the U-drawing process are obtained from the NUMISHEET 2011 benchmark report [Chung et.al. 2011] . The die design and the experimental result of the crash forming test is provided by Die Cad Group.
AutoForm implicit code was adopted for numerical simulation of bending and springback in all three bending operations. The bending tools were assumed to be completely rigid and the blanks were simulated using triangular shell elements with 11 integration points in thickness direction. Anisotropy behavior of materials was considered using the r-value. The Hill 48 yield function was used in all simulations to account for the anisotropic elastic-plastic property of the blank. The swift equation was employed for the flow stress evolution of the materials:
Material constants K, n, and ε 0 for each material are listed in Table 1 . Table. 1. Three bending operations investigated in the present study. The data for DP 780 is provided in the benchmark report [Chung et.al. 2011] . For DP980 and MP980 the mechanical properties are obtained from the tensile test and the E-modulus variation parameters are obtained from AutoForm default value.
Wipe bending U-drawing Crash forming 
Experiment and FE-simulation
Wipe bending test was performed on 1.2 mm MP980 sheet steel using a 5500 series Instron machine with 50kN capacity. Information about the geometry and dimensions of the tooling is presented in Figure 4 . Rectangular blanks with dimensions of 70 mm × 100 mm were used. Each blank was clamped between the blank holder and the die using four M10 screws. A punch stroke of 30 mm with a velocity of 10 mm/min was used to bend the material to 90°. No forming lubricant was used. A preliminary study was conducted to investigate the effect of the friction coefficient on springback in wipe bending. Results showed that, in wipe bending operation, effects of friction and lubrication on springback can be neglected. To ensure accuracy, each wipe bending test was replicated three times. These trial were averaged together to produce the final measurement. During each trial, the bending angle was measured under load, and again after unloading. The springback was calculated as the difference between the angle under load and the final angle of the sheet metal, after unloading.
In the numerical model, a friction coefficient of 0.1 between the sheet surface and the tools was assumed. An E-modulus of 207 GPa was measured from the tensile test and used as the initial value in the simulation. The simulated results were compared with experimental results. A series of simulations with different E-moduli were conducted to determine the apparent E-modulus that provides an accurate springback prediction for a given combination of material and bending operation. Figure 5 compares the simulated results of springback with the experimental observations. This figure indicates that the simulated results which have an apparent E-modulus of 183 GPa, are fairly accurate, whereas the simulation with E-modulus of 207 GPa (obtained from the tensile test of the virgin material) underestimates springback. Also, the simulation with combined isotropic and kinematic hardening and variable E-modulus (shown in Table 1 ) overestimates springback. Results indicate that in a wipe bending operation where the sheet material is not subjected to the cyclic loading, an isotropic work hardening model with an accurate apparent E-modulus can predict the springback with reasonable precision. 
Results and discussion for wipe bending

Experiment and FE simulation
2-D draw bending (U-drawing) was used to evaluate the accuracy of the springback prediction with apparent E-modulus in a bending operation where the sheet material is subjected to tensile loading. The experimental procedures for U-drawing are originally provided in the Numisheet 2011 benchmark problem [Chung et.al. 2011 and . The main procedure is summarized here.
The blank material was Dual Phase (DP) 780 steel with a thickness of 1.4 mm. Information about the geometry and dimensions of the tooling used is presented in Figure 6 . The blank was rectangular with the dimension of 30 mm × 324 mm. A blank holder force of 2.94 kN was used with a maximum punch stroke of 71.8 mm and speed of 1.0 mm/s. P-340N (rust-preventive oil) was used as a forming lubricant. For accuracy, three replications were considered. The E-modulus variation with plastic strain was obtained from a loading-unloading tensile test and results are shown in Figure 6 . A schematic view of tools and dimensions for the U-draw bending The simulation model of this process consists of two steps: (1) drawing and (2) unloading. According to the benchmark committee recommendation the coulomb friction law with a coefficient of 0.1 is used for all contacts between tool and blank. An E-modulus of 199 GPa (virgin material) was used along with isotropic work hardening as the reference simulation. Also, simulation with combined kinematic and isotropic hardening model along with variable E-modulus (Table 1) was conducted. AutoForm default values for AHSS were selected to define the kinematic hardening behavior of the material.
In order to determine the apparent E-modulus through inverse analysis method, several iterations of the simulation were conducted with different E-moduli. After each iteration, the predicted springback was compared to the experimental measurement.
Results and discussion for U-Drawing
In U-drawing process, springback changes the geometry in die and punch corner radii as well as the wall of the part. In the corner radii, springback opens the bending area, while in the wall area it causes curl. Comparison of the experimental springback with predicted results using different hardening models and E-moduli are illustrated in Figure 7 . Similar to what was observed in the wipe bending test, in the Udrawing process, the simulation with isotropic hardening and E=198.8 GPa (virgin material), cannot accurately predict the angle opening and the side wall curl. This is because the simulation did not consider the E-modulus degradation with plastic strain. Also, in U-drawing, when the punch is moving down, the sheet is bent around the die corner and then unbent to form the wall of the part. This provides the reverse loading condition and therefore, an isotropic hardening model alone may not be sufficient to define the actual material behavior.
A combined kinematic and isotropic hardening model along with the variable E-modulus significantly improves the simulation results in both springback of angle opening and side wall curl. The apparent Emodulus calculated from the inverse analysis method for this combination of material and bending operation was about 170 GPa. Simulation results with isotropic hardening model and E=170 GPa shows a significant improvement of springback prediction compared to the simulation results with E=199 GPa. Figure 7b , shows an expanded view of the area around the side wall curl. This results clearly show that the simulation with apparent E-modulus and the one with combined hardening model and variable Emodulus predict the side wall curl more accurately compared to the simulation with isotropic hardening model and E=199 GPa. The side wall curl in simulation with the apparent E-modulus is slightly better than the simulation with combined hardening model. Also, regarding the flange angle, simulation with apparent E-modulus predicts more accurate angle opening compared to the experiment than the simulation with combined hardening model.
In u-drawing process, the material is compressed between the die and the blank holder. Friction between the material and the tool surface controls the draw-in of the material. Additionally, material is under tension during the deformation. Therefore, the friction condition (coefficient of friction in simulations) affects the strain distribution at the part and consequently the springback. The assumption of a constant value for the friction coefficient over the entire tool / sheet interface may not appropriately represent the complex frictional behavior in forming operation. Several experimental reports have shown that the friction coefficient is a function of contact pressure, sliding velocity, and the temperature [Han et al. 2011; wang et al. 2016] . In this study, a constant friction coefficient of 0.1 is used and the effect of contact pressure and sliding velocity on coefficient of friction is neglected. This can be one of the reasons for difference between the predicted springback in simulations and experiment. Wang et al. (2016) compared the effect of constant and variable friction coefficients on springback in Udrawing of a DP780 material and concluded that the variable friction coefficient significantly improves the springback prediction. 6. Crash forming (real production part) 6.1.
Experimental set-up and FE simulation
Crash forming is a sheet forming operation that creates hat-shaped profiles similar to U-drawing. In contrast to U-drawing, crash forming does not use a blank holder, so the sheet material is not stretched during the deformation. Figure 8 shows a 2-D cross section of the tooling and the final part. The tooling consists of three main components; the upper die, the punch, and the pad. The total upper die stroke was 60 mm. An 80 kN force were applied by the pad to hold the blank in contact with the top surface of the punch during the deformation. DP980 sheet steel with 1 mm thickness was used. After unloading and springback, the part was scanned to compare with simulations. The mechanical properties of the sheet material were obtained from the tensile test. The stress-strain data is approximated using the swift law (Eq. 2) and the constants are shown in Table 1 .
A 3-D finite element model of the process was developed using AutoForm. E=210 GPa was used as the Emodulus of the material at zero plastic strain. A Friction coefficient of 0.12 was assumed between the sheet material and the tool interfaces. A series of simulations with different E-moduli were performed and springback predictions were compared with the 3-D scan of the part to determine the apparent Emodulus that provides the most accurate result. Simulation with combined isotropic and kinematic hardening along with variable E-modulus (Table 1) was also conducted. Autoform default values for AHSS were used to define the kinematic hardening of the material. 
Results and discussion
Simulation results with various E-moduli indicate that 180 GPa is the apparent E-modulus for this combination of material and bending operation. Figure 9 shows the normal distance between simulation results and the 3-D scan of the part. In this figure, the simulation results are superimposed on the 3-D scan of the part using the AutoForm. The values of normal distance between the simulation results and the experimental measurement at four corners of the part are summarized in the table in left side of Figure 9 . The maximum normal distance between the simulation results and the scan data of the part was 2.68 mm for simulation with the isotropic hardening model and E=210 GPa. This value is 1.78 mm and 1.73 mm for simulations with combined hardening model and apparent E-modulus, respectively. Although in general, the springback prediction improves by using either the combined hardening model or the apparent E-modulus, the improvement in springback prediction is not consistent over the entire part.
Results show that springback prediction is more accurate at location 1 and 2, when the isotropic hardening model with E=210 GPa is used. 
Conclusions
Modifying dies to compensate for springback requires re-cutting the die several times, based on experience, trial and error. This is expensive and time consuming. Accurate springback prediction using FE simulations can significantly reduce the number of times the die must be recut. The accuracy of FE simulations is determined by the material properties, material hardening model, boundary conditions, and numerical procedures. Accurate material properties and reliable material models can significantly improve the springback prediction. Of the material properties, the E modulus and the flow stress data are of particular concern, since they are the most important properties affecting the springback.
The conventional method used to determine the E-modulus is the tensile test. Researches have shown that the elastic behavior of materials is nonlinear and that the elastic modulus decreases when plastic strain increases [Xue et al., 2016; Kim et al., 2013] . Also the nonlinear elastic modulus is sensitive to loading path [Xue et al., 2016] . Nonlinearity of elastic behavior of sheet metals, the reduction of the Emodulus with plastic strain, and strain path dependency of the E-modulus indicates that the calculation of E-modulus through the tensile test is always with some approximation.
This study used a methodology called "inverse analysis" to determine the average E-modulus from a bending test and improve the springback prediction. This method is used in three different bending operations, Wipe bending, U-drawing, and crash forming. Results show a significant improvement in springback prediction in all three forming/bending operations when the apparent E-modulus is used compared to the simulation results using an E-modulus value obtained through a tensile test.
The inverse analysis method cannot be used to predict springback in die design stage before manufacturing the die. However, this method provides the possibility to reduce the number of die trials by predicting springback using the apparent E-modulus after the first tryout. Figure 10 describes how the inverse analysis method can help to reduce the number of die re-cutting process. Another potential of the inverse analysis is, once the apparent E-modulus is determined for a selected material and thickness, this value can be recorded in the company database and be used in simulations as the initial value of the E-modulus for that material when a new die is designing for this material. 
